Therapy-related myelodysplasia or acute myeloid leukemia (t-MDS/AML) is a major complication of cancer treatment. We compared gene expression in CD34+ cells from patients who developed t-MDS/AML after autologous hematopoietic cell transplantation (aHCT) for lymphoma with controls who did not develop t-MDS/AML. We observed altered gene expression related to mitochondrial function, metabolism, and hematopoietic regulation in pre-aHCT samples from patients who subsequently developed t-MDS/AML. Progression to overt t-MDS/AML was associated with additional alterations in cell-cycle regulatory genes. An optimal 38-gene PBSC classifier accurately distinguished patients who did or did not develop t-MDS/AML in an independent group of patients. We conclude that genetic programs associated with t-MDS/AML are perturbed long before disease onset, and accurately identify patients at risk for this complication.
INTRODUCTION
Therapy-related myelodysplasia or acute myeloid leukemia (t-MDS/AML) is a lethal complication of cytotoxic cancer therapy. Among patients undergoing autologous hematopoietic cell transplantation (aHCT) for Hodgkin lymphoma (HL) or nonHodgkin lymphoma (NHL), t-MDS/AML is a leading cause of nonrelapse mortality (Bhatia et al., 1996 (Bhatia et al., , 2005 Miller et al., 1994; Pedersen-Bjergaard et al., 2000; Stone et al., 1994) . PreaHCT therapeutic exposures, transplant conditioning, autograft collection, and hematopoietic regeneration contribute to development of t-MDS/AML (Bhatia et al., 1996; Kalaycio et al., 2006; Krishnan et al., 2000) . The overwhelming majority of patients develop t-MDS/AML within 6 years after aHCT. However, the timing and sequence of acquisition of molecular abnormalities leading to t-MDS/AML is unknown. t-MDS/AML accounts for 15% of all AML and MDS cases and shares morphologic and cytogenetic characteristics with primary MDS and AML in the elderly. Study of t-MDS/AML offers a unique opportunity to understand leukemogenesis because known genotoxic exposures can be temporally and causally related to genetic changes associated with subsequent development of leukemia (Mason, 2003; Pedersen-Bjergaard, 2005) .
To better understand the pathogenetic mechanisms underlying t-MDS/AML, we have constructed a prospective cohort of patients undergoing aHCT for HL or NHL. Patients are followed longitudinally with collection of peripheral blood stem cells (PBSC) and bone marrow (BM) samples prior to a-HCT, and serial BM samples until 5 years post-aHCT. This design allows use of a nested case-control approach to compare gene Significance Therapy-related myelodysplasia or acute myeloid leukemia (t-MDS/AML) is a lethal complication of cancer treatment. However, the pathogenesis of t-MDS/AML is poorly understood and methods to predict risk of t-MDS/AML development in individual patients are not available. Using gene expression analysis we detected abnormalities in mitochondrial function, metabolism, and hematopoietic regulation in hematopoietic cells early in t-MDS/AML pathogenesis, long before development of cytogenetic and pathological abnormalities. A t-MDS/AML gene expression signature applied to an independent group of patients accurately distinguished patients who did or did not subsequently develop t-MDS/AML. These results indicate that perturbations in genetic programs associated with t-MDS/AML are present long before disease onset, and can accurately identify patients at risk for developing this complication in the future. 
. Altered Gene Expression in PBSC CD34+ Cells from t-MDS/AML Cases Compared with Controls
(A) The study design is shown. Gene expression was compared between (1), pre-aHCT PBSC samples obtained from cases (n = 18) versus controls (n = 37); (2), BM samples obtained from cases at time of t-MDS/AML (n = 12) versus BM samples obtained from controls at comparable time points post-aHCT (n = 21); and (3), changes in gene expression over time from PBSC collection to development of t-MDS/AML in cases compared with gene expression changes over a comparable time period in controls (D t-MDS/AML-PBSC).
expression profiles in CD34+ hematopoietic stem and progenitor cells (HSC) from ''cases'' that developed t-MDS/AML after aHCT with ''controls'' who did not develop t-MDS/AML. In the current report, PBSC procured pre-aHCT and BM samples obtained at time of t-MDS/AML post-aHCT were studied. This approach facilitated identification of gene expression changes pre-aHCT in patients who subsequently developed t-MDS/AML after aHCT. This approach also allowed a comparison of gene expression pre-aHCT with that seen at development of overt t-MDS/ AML. Finally, using an independent sample set (test set), we investigated whether gene expression in pre-aHCT samples could accurately identify patients at risk for development of post-aHCT t-MDS/AML.
RESULTS
We compared gene expression in CD34+ cells from the training set consisting of 18 cases that developed t-MDS/AML and 37 matched controls that did not develop t-MDS/AML after aHCT for HL or NHL. One to three randomly selected controls were individually matched to each case for primary diagnosis [HL/NHL], age at aHCT (±10 years), and race/ethnicity (Caucasians, African-Americans, Hispanics, other). The median time to t-MDS/AML post-aHCT was 2.7 years (range, 0.5-5.2 years). For each case, controls were selected that had been followed for a length of time that exceeded the latency from aHCT to t-MDS for the index case, to ensure that the probability of the controls developing t-MDS subsequently was minimized. The length of follow-up from aHCT for cases was 33.4 months (range: 5.9-63.7 months) and for controls was 116 months (range: 75.8-136 months). The clinical and demographic characteristics of the cases and controls are shown in Table S1 available online. Comparison of cases with controls revealed no significant differences in primary diagnosis, sex, race/ethnicity, age at primary diagnosis and aHCT, stem cell source and mobilization regimens, number of PBSC collections, CD34+ cell dose, and conditioning regimens. Detailed analysis of pre-aHCT therapeutic exposures (including cumulative doses), HCT-related conditioning, and post-aHCT therapeutic exposure (in the event of relapse) did not reveal any statistically significant difference in the intensity or nature of therapeutic exposures between case and controls (Table S1 ). The clinical and pathological characteristics of the 18 patients with t-MDS/AML are shown in Table  S2 . We studied PBSC samples from the 18 cases and 37 matched controls, and BM samples obtained at time of t-MDS/ AML from a sub-cohort of 12 cases and 21 matched controls (Figure 1A) . This subset of 12 cases did not differ significantly in clinical or demographic characteristics from the parent group. Gene expression profiles in CD34+ cells from t-MDS/AML cases and matched controls were compared using conditional logistical model (CLM) ( Figure 1A ). The following comparisons were made: (1), pre-aHCT PBSC from cases versus controls; (2), BM from cases at t-MDS/AML versus BM from controls at a comparable time point post-aHCT; and (3), changes in gene expression from pre-aHCT to development of t-MDS/AML in cases versus controls over a comparable time period (D t-MDS/AML-PBSC). The results of the training set were validated in an independent group of 36 patients (test set) consisting of 16 cases that developed t-MDS/AML post-aHCT and 20 matched controls.
Gene Expression in PBSC CD34+ Cells Preceding Onset of t-MDS/AML
This analysis was directed toward identifying genetic changes in pre-aHCT samples. Unsupervised clustering of cases and controls using all genes (filtered to remove those that were not expressed or with minimal differences across the cohort) showed that samples clustered into two major groups, with five cases clustering with controls and 11 controls clustering with cases ( Figure S1A ). PBSC from patients who developed t-MDS/AML demonstrated significant differences in gene expression compared to controls ( Figure 1B ). A total of 779 genes were upregulated and 2220 genes were downregulated in t-MDS/AML cases compared to controls, based on the criteria of absolute odds ratio (OR) > 4 and p value < 0.05. If using absolute OR > 4 and p value < 0.01, 44 genes were upregulated and 301 genes were downregulated in t-MDS/AML cases compared to controls.
Gene set enrichment analysis (GSEA) was performed to determine concordant differences between differentially expressed genes and curated gene sets (Subramanian et al., 2005) (Table 1; Table S3 ). PBSC from patients who subsequently developed t-MDS/AML (cases) showed significant downregulation of gene sets related to mitochondria and oxidative phosphorylation ( Figure S1B ), citrate cycle, ribosomal proteins ( Figure S1B ), aminoacyl-tRNA biosynthesis, amino acid metabolism, cell cycle regulation, DNA repair, and hematopoietic differentiation. G protein coupled receptors, cell communication ( Figure S1B ), hematopoietic regulation, and cell adhesion related genes were upregulated in PBSC from cases. There was reduced expression of genes with binding motifs for NRF2 and GABP (regulators of mitochondrial enzymes) (Lenka et al., 1998) , and E2F1 (regulator of cell cycle) , and increased expression of genes with binding motifs for GFI1 and FOXA1 (regulators of hematopoiesis) (Tothova et al., 2007) and OCT1 (regulator of DNA damage response) (Kang et al., 2009) (Table S3 ). In agreement with GSEA results, Ingenuity pathway analysis (IPA) indicated that pathways related to mitochondrial function, oxidative phosphorylation, protein ubiquitination, aminoacyl-tRNA synthesis, cell cycle regulation, citrate cycle, and amino acid metabolism, were significantly altered in cases compared to controls (Table S3 ). Gene ontology (GO) analysis also indicated significant reduction in mitochondrial function and oxidative phosphorylation, cell metabolism, protein synthesis, and cell cycle regulation in cases; and enrichment of genes related to GTPase activity and transcription factors, tissue/organ development and cell communication (Table S3) . Thus, multiple analytical approaches consistently Figure S1 , Table S1 , Table S2 , and Table S4 . Figure 1C and Figure S1C . Five of 18 PBSC samples from the cases demonstrated gene expression resembling that of controls. These five cases (#11, #62, #101, #125, and #168,) were the same as those identified on hierarchical clustering analysis using all genes. For the five patients that were misclassified, one patient (#11) had transient myelodysplasia with del 7 that subsequently resolved, one patient (#168) developed transient del(20q), two patients developed persistent del(20q) or del(13q) abnormalities with mild dysplasia (#62 and #125), and one patient developed AML with 11q23 translocation (#101) (Gupta et al., 2007; Han and Theil, 2007) . The remaining 13 cases showing clearly altered gene expression in PBSC samples compared to controls, later presented with overt t-MDS/AML. Reanalysis of data after removing the two transient cases and their controls showed enrichment of gene sets in cases and controls that were highly similar to those seen in the original analysis ( Figure S1D ). The major categories of gene sets upregulated in cases (GPCRs, hematopoietic transcription factors [CEBP] , cell communication, xenobiotic metabolism) and downregulated in cases (upregulated in controls) (mitochondrial oxidative phosphorylation, ribosomes, aminoacyl-tRNA synthetases, proteasomal degradation, citric acid cycle, cell cycle, DNA repair and hematopoietic stem cells) were maintained in the new analysis (Table S4) .
Gene Expression at Time of t-MDS/AML
To evaluate genetic changes at the time of clinically overt t-MDS/ AML, we compared gene expression in BM cells at t-MDS/AML from cases with BM samples obtained from controls at comparable time points post-aHCT ( Figure 2A ). We did not observe significant differences in distribution of subsets of CD34+ cells (HSC, CMP, GMP, and MEP) in a subset of t-MDS/AML cases (n = 5) and controls (n = 6) ( Figure S2A ), indicating that the gene expression differences identified in CD34+ cells were not simply a reflection of differences in cellular composition and were related to t-MDS/AML. GSEA analysis (Table 2; Table S5) showed significantly downregulated gene sets related to cell cycle regulation, DNA replication ( Figure S2B ), DNA repair (Figure S2B) , hematopoietic differentiation, mitochondria, proteasome, citrate cycle, and amino acid metabolism in t-MDS/AML cases. Genes related to G protein coupled receptors, cell communication ( Figure S2B ), and hematopoietic regulatory factors were upregulated in cases. There was increased expression of genes with binding motifs for hematopoietic regulatory TF including GFI1, GATA1, and OCT1, and reduced expression of genes with binding motifs for E2F1 in cases (Table S5) . IPA and GO analysis confirmed significantly downregulated DNA damage response, DNA repair and cell cycle regulation, and upregulated cell communication and adhesion in cases compared with controls (Table S5 ). Of note, several gene sets enriched in BM CD34+ cells at time of t-MDS/AML were also enriched in PBSC CD34+ cells obtained pre-aHCT, long before the onset of clinical disease. This is illustrated in Figure 2B where gene sets significantly upregulated (n = 10) or downregulated (n = 185) in both PBSC and t-MDS/AML samples are highlighted. A 50-gene t-MDS/AML signature derived from differential gene expression at time of t-MDS/AML was significantly enriched in PBSC from cases (downregulated) (normalized enrichment scores = À1.84, p value < 0.001, false discovery rate [FDR] = 1.0%).
Expression of enriched genes from representative gene sets in individual subjects is shown in Figure 2C . At time of t-MDS/AML, BM from five cases showed gene expression resembling that of controls. Four of these cases presented with transient del (20q) or del (13q) abnormalities, three of whom had also shown gene expression resembling that of controls in the corresponding PBSC samples. The fifth patient presented with AML with del (7q). The remaining seven cases with clearly altered gene sets compared to controls presented with overt t-MDS/AML.
We also compared gene expression CD34+ cells from t-MDS/ AML patients with normal BM CD34+ cells. A heat map showing up-and downregulated genes in t-MDS/AML compared with normal CD34+ cells (FC > 2 and FDR < 0.05, 133 genes) is shown in Figure S2C . We observed difference in gene sets enriched in this analysis with those enriched when comparing t-MDS/AML samples with samples from control NHL/HL patients who did not develop t-MDS/AML (Table S6) . We also compared gene expression in normal BM CD34+ cells with control NHL/HL patients who did not develop t-MDS/AML ( Figure S2D and Table  S6 ). There was considerable overlap in gene sets enriched in BM CD34+ cells from t-MDS/AML and control NHL/HL patients compared to normal CD34+ cells with 87 of 219 significant gene sets (40%) common to both analysis, as shown in Figure S2E . These results suggest a significant contribution of underlying disease, therapeutic exposures and hematopoietic regeneration post-aHCT to gene expression changes observed in t-MDS/AML CD34+ cells, and support the experimental Figure S2 and Table S6 .
design of using controls with similar disease and therapeutic exposure as t-MDS/AML cases to identify changes in gene expression specific to t-MDS/AML. On the other hand comparison with normal BM helps place changes in CD34+ cells from t-MDS/AML patients in the context of changes in controls that do not develop t-MDS/AML post-aHCT. For example expression of cell cycle and oxidative phosphorylation-related genes is increased in HL/NHL controls compared to normal CD34+ cells, suggesting that the reduction in these pathways in t-MDS/AML samples compared to controls may reflect a failure to upregulate these pathways post-aHCT.
Changes in Gene Expression from Pre-aHCT to Development of t-MDS/AML
To assess the evolution of genetic changes from pre-aHCT to development of clinically overt disease, we compared changes in individual gene expression in cases from PBSC collection pre-aHCT to time of t-MDS/AML post-aHCT, with controls over a similar time period (D t-MDS/AML-PBSC). GSEA analysis of genes showing increased or decreased expression over time was performed (Table S7 ). Significant gene sets (FDR < 5%) are illustrated in Figure 3A . Gene sets downregulated at time of t-MDS/AML but not in PBSC reflect changes acquired during development of t-MDS/AML. Genes related to early lymphoid progenitors were present in this group. In addition several gene sets downregulated in both pre-aHCT and t-MDS/AML samples showed significantly enhanced downregulation at time of t-MDS/AML compared to pre-aHCT samples, indicating progression of these alterations during t-MDS/AML development. These included genes related to cell cycle regulation, DNA repair, genotoxic stress response, and hematopoietic maturation. Other gene sets were downregulated in PBSC but not at t-MDS/AML, or showed enhanced downregulation in PBSC compared to t-MDS/AML, likely representing alterations important early in the course of t-MDS/AML development. These included genes related to antioxidant response, mitochondrial oxidative phosphorylation, and ribosomes. Gene expression changes at different stages of development of t-MDS/AML are summarized in Figure 3B . PBSC from patients who develop t-MDS/AML demonstrate downregulation of mitochondrial, oxidative phosphorylation, protein synthesis, cell cycle checkpoint, and DNA repair, and upregulation of GPCR, cell adhesion, and certain hematopoietic transcription factors. These gene alterations continue to be present at the time of development of t-MDS/AML. However progression to t-MDS/ AML is associated with further downregulation of cell cycle checkpoint, DNA repair, genotoxic response, and hematopoietic differentiation genes.
Outcome Prediction
Because gene expression in PBSC samples from the training set was associated with later development of t-MDS/AML we sought to identify a PBSC gene signature that could identify NHL and HL patients pre-aHCT at high risk for developing t-MDS/AML following aHCT. PBSC samples from the training set were used to derive the gene signature that was then applied to an independent test set of 16 patients who subsequently developed t-MDS/AML after aHCT for NHL or HL, and 20 matched controls that did not develop t-MDS/AML ( Figure 4A ; Table S2 ). The Table S7. gene expression between cases and controls in the test set revealed extensive overlap of up and downregulated gene sets in t-MDS/AML cases between training and test sets ( Figure 4B ; Table S9 ). Gene expression changes related to mitochondria, metabolism, cell cycle regulation, and hematopoietic progenitors that were observed in the training set were validated in the test set (Table 1) . A cross-validated 38-gene classifier was derived from the training set using prediction analysis of microarray (PAM) ( Table S10) . Expression of the 38-gene signature in both training and test sets is shown in Figures 4C and 4D . Hierarchical clustering of the 38 genes revealed two major clusters with significant correlation for up-and downregulated expression of genes in cases or controls in training and test sets (p < 0.001). Application of the 38-gene signature to the test set correctly classified 19 of the 20 subjects who did not subsequently develop t-MDS/AML, and 14 of the 16 subjects who did develop t-MDS/AML ( Figure S3A ). There was significant correlation between predicted and true disease status (19/20 Figure S3 , Table S8, Table S9, Table S10 , and Figure S3B ), and did not improve the error rate compared with the original gene signature. These results indicate that the gene expression profile of hematopoietic cells pre-aHCT can reliably and accurately identify patients at risk for t-MDS/AML post-aHCT. It was previously reported that same cytogenetic abnormality observed at the time of t-MDS diagnosis could be detected in pre-aHCT specimens by FISH. (Abruzzese et al., 1999) Cytogenetic analysis performed on pre-aHCT bone marrow (BM) samples for all subjects in this study did not show evidence of clonal chromosomal abnormalities characteristic of t-MDS/ AML (Table S11) . FISH analysis performed on a subset of CD34+ cells from PBSC samples (n = 9), which were representative of the spectrum of cytogenetic abnormalities seen, and for which sufficient samples were available, did not show evidence of the t-MDS/AML clone in PBSC CD34+ cells (Table S11) . Therefore cells bearing clonal cytogenetic abnormalities do not contribute significantly to the altered gene expression profile in PBSC CD34+ cells from t-MDS cases. The difference between our results and previous reports in the literature may reflect the practice of routinely performing cytogenetic analyses on pre-HCT BM samples from patients undergoing aHCT at our center.
Further reduction from PBSC to development of T-MDS
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Mitochondrial Dysfunction in PBSC from Patients Who Later Developed t-MDS/AML
Gene signatures related to mitochondrial oxidative phosphorylation were prominently downregulated in PBSC CD34+ cells from cases. The mitochondrial electron transport chain, in addition to its role in energy production, is a major site of reactive oxygen species (ROS) generation (Kowaltowski et al., 2009) . Impaired electron transfer could lead to increased ROS generation in CD34+ cells from patients who develop t-MDS/AML (Wallace, 2005) . We conducted additional studies of mitochondrial function in PBSC cells from cases and controls. PBSC CD34+ cells from cases showed increased baseline levels of mitochondrial ROS (p = 0.04) and total ROS (p = 0.07) compared to controls ( Figure 5A ). PBSC CD34+ cells from cases also demonstrated reduced expression of antioxidant genes, which may further increase ROS levels. Q-PCR analysis showed significant downregulation of the antioxidant genes hmox1 (p = 0.0016), prdx3 (p = 0.01), and sod2 (p = 0.001), in PBSC from cases compared to controls (Osburn and Kensler, 2008) (Figure 5B ). PBSC from cases exhibited sustained elevation of ROS following exposure to oxidative stressors including etoposide, nitrogen mustard and methylene blue with visible light compared to controls, consistent with reduced ROS detoxification ( Figure 5C ). We observed significantly increased g-H2AX levels in PBSC from cases after exposure to mechlorethamine (nitrogen mustard, p = 0.0281), and a trend toward increased g-H2AX levels after radiation and etoposide treatment (p = 0.065 and 0.083, respectively), indicating increased DNA damage (Kinner et al., 2008) ( Figure 5D ). PBSC from cases also demonstrated significantly reduced NADH levels compared to controls, both with and without treatment with the electron transport chain inhibitor Rotenone, suggesting impaired NADH production (Grivennikova and Vinogradov, 2006) (Figure 5E ). This observation is consistent with reduced TCA cycle activity and a broad defect in mitochondrial energy metabolism. Mitochondrial mass, estimated through measurement of mitochondrial DNA content, was increased in PBSC from cases compared to controls, possibly representing a compensatory response to mitochondrial dysfunction or reduced autophagy of damaged mitochondria (Nugent et al., 2007; Tolkovsky, 2009) (Figure 5F ). We did not observe significant differences in ROS levels both at baseline (n = 6) and after exposure to oxidative stress (n = 5) in CD34+ subsets (LT-HSC, CMP, GMP, MEP) selected by flow cytometry from normal PBSC samples ( Figure S4 ). Therefore differences in ROS levels between PBSC CD34+ cells from t-MDS/AML cases and controls cannot be explained by differences in their cellular composition. These results indicate that PBSC CD34+ cells from cases that develop t-MDS/AML have altered mitochondrial function, increased ROS generation, reduced ROS detoxification, and enhanced DNA damage after therapeutic exposure, and support the results of gene expression analysis.
DISCUSSION
Changes in gene expression associated with development of t-MDS/AML after aHCT for lymphoma were identified in CD34+ cells from PBSC obtained pre-aHCT, several months to years before development of clinically overt disease. These changes may represent factors predisposing to risk of t-MDS/AML and/or effects of pre-aHCT therapeutic exposures. We identified a 38-gene signature in PBSC that could distinguish patients who developed t-MDS/AML post-aHCT from those who did not. This gene signature was validated in an independent set of PBSC samples, supporting the potential prognostic utility of this approach to identify patients at high risk for developing t-MDS/AML. PBSC CD34+ cells from patients who develop t-MDS/AML demonstrate altered expression of genes related to mitochondria, oxidative phosphorylation, oxidative stress response, ribosomes, and DNA repair. In additional studies we directly show that PBSC CD34+ cells from cases that develop t-MDS/AML demonstrate altered mitochondrial function, increased ROS generation, reduced ROS detoxification, and enhanced DNA damage after therapeutic exposure, validating and extending the results of gene expression analysis. It is hypothesized that mitochondrial defects are central to cancer cell biology, through enhanced ROS generation leading to mutation of critical genes that regulate cell proliferation. Mitochondrial oxidative phosphorylation, in addition to its role in energy production, is a major source of ROS generation (Kowaltowski et al., 2009 ). Impaired electron transfer could result in increased ROS generation in PBSC from patients at risk for t-MDS/AML (Wallace, 2005) . Reduced antioxidant gene expression may further increase ROS levels. Tight regulation of ROS is essential for normal hematopoietic function (Ito et al., 2004) . We have previously shown that development of t-MDS/AML post-aHCT is preceded by impaired hematopoietic function evidenced by impaired PBSC mobilization; reduced progenitor regeneration, and accelerated telomere loss (Bhatia et al., 2005; Chakraborty et al., 2009) . Our findings support a model of t-MDS/AML where therapeutic exposure results in increased ROS levels related to mitochondrial dysfunction, increased DNA damage, mutagenesis, and impaired hematopoiesis ( Figure 6 ). Impaired ribosomal function may also contribute to hematopoietic impairment in patients developing t-MDS/AML. Ribosomal gene mutations and impaired ribosome biogenesis occur in congenital BM failure syndromes and the 5q-syndrome, and may impair hematopoiesis through altered protein translation, or through p53-dependent apoptosis and senescence (Ebert et al., 2008; Faber et al., 2006; Fumagalli et al., 2009) .
Changes in gene expression from PBSC to development of t-MDS/AML likely represent additional abnormalities associated with transformation from the pre-leukemic to leukemic state. Progression to t-MDS/AML was associated with reduced expression of DNA repair and cell cycle regulatory genes, indicating loss of genome protective mechanisms, potentially allowing acquisition of additional mutations and disease evolution (Harper and Elledge, 2007; Kastan and Bartek, 2004) . Such changes may result from acquisition of additional mutations or epigenetic changes in pre-malignant cells. Mutations in HRR genes are reported in t-MDS/AML patients (Rassool et al., 2007) . Increased expression of genes associated with cell cycle progression was seen in a previous analysis of gene expression in t-MDS/AML CD34+ cells (Qian et al., 2002) , and mutations in p53 are relatively frequent in t-MDS/AML (Ben-Yehuda et al., 1996) . Loss of p53-related cell cycle regulation may contribute to genetic instability as well as survival and expansion of altered hematopoietic cells in t-MDS/AML (Feldser and Greider, 2007; Fumagalli et al., 2009) .
The observed heterogeneity in gene expression with t-MDS/AML cases could be related in part to alternative genetic pathways to t-MDS/AML development, as have been defined based on characteristic chromosome abnormalities (Pedersen-Bjergaard et al., 2007) . A previous analysis performed at time of development of t-MDS/AML revealed that certain gene expression patterns were common whereas others differed between different cytogenetic subgroups (Qian et al., 2002) . Indeed in the current study variability of gene expression was associated with certain types of chromosomal abnormalities (20q-; 13q-). However, formal analysis of difference in gene expression in samples among different cytogenetic subgroups at early time points preceding the development of t-MDS/AML requires assembly of an even larger sample set.
The 38-gene predictor compares well with other recently reported multigene signatures for various cancers. Although a perfect test should have 100% sensitivity and specificity, this is not achieved by any currently available biomarker (Wagner et al., 2004) . For example, the best biomarker for prostate cancer, PSA, has a sensitivity of 90% and specificity of 25%. A 29 micro-RNA-gene signature for nonsmall cell lung cancer in peripheral blood mononuclear cells had 76% sensitivity and 82% specificity of prediction in an independent set of 38 cases and 17 controls (Raponi et al., 2009) . A 75-probe signature in CD34+ cells predicted drug response to imatinib in CML patients with 88% sensitivity and 83% specificity in an independent test set of 17 responders and 6 nonresponders (Oehler et al., 2009 ). Thus, taking into account the previously published predictors, the 38-gene signature for t-MDS/AML performed favorably in classifying cases and controls. This is especially notable because the signature was obtained from and applied to samples procured several years prior to development of overt disease. However, these findings are based on relatively small numbers of patients and additional larger studies are required as part of the stepwise development of this classifier to further validate its predictive value prior to its application as a clinical test. Furthermore, detection of this signature is currently limited to PBSC obtained prior to aHCT, at a time when patients have already been exposed to pre-aHCT therapeutic exposures. It will be of interest to determine whether this signature can be detected in samples obtained at diagnosis of NHL or HL, prior to initiation of treatment.
Despite these limitations, the current study has potential clinical significance, because early detection of patients at high risk for t-MDS/AML using a gene expression signature could facilitate application of interventions to prevent development of this lethal malignancy. Detection of the high risk profile could guide therapeutic decision-making including the use of alternative treatment approaches such as allogeneic transplantation (Litzow et al., 2010) , and application of targeted interventions for those at high risk. Although interventions that reduce the risk of progression to t-MDS/AML do not currently exist, insights into critical molecular mechanisms contributing to susceptibility to and emergence of t-MDS/AML could provide potential targets for development of preventive or therapeutic interventional strategies. For example, enhanced mitochondrial ROS levels can be explored as a potential target for interventions to prevent t-MDS/ AML in patients receiving genotoxic cancer therapy (Colburn and Kensler, 2008) . These translational implications of our results merit further investigation in future studies.
EXPERIMENTAL PROCEDURES Patients and Samples
The study was approved by the institutional review board of City of Hope (COH) in accordance with an assurance filed with and approved by the Department of Health and Human Services, and met all requirements of the Declaration of Helsinki. Informed consent was obtained from all subjects. Patients receiving aHCT for HL or NHL at COH constituted the sampling frame for selection of cases and controls in this nested case-control study. PBSC samples obtained pre-aHCT and BM samples at the time of development of t-MDS/AML post-HCT were studied. The training set consisted of 18 patients who developed t-MDS/AML (cases) after aHCT, matched with 37 controls who underwent aHCT, but did not develop t-MDS/AML. Up to three controls were selected per case, matched for primary diagnosis (HL/NHL), age at aHCT (±10 years), and ethnicity (Caucasians, African-Americans, Hispanics, other). Length of follow-up after aHCT for controls was longer than the time from aHCT to t-MDS/AML in the corresponding case. The results of the training set were validated in an independent group of 36 patients (test set) consisting of 16 cases that developed t-MDS/AML post-aHCT for HL or NHL, and 20 matched controls. Relevant demographic and clinical data were obtained from medical records and included age at diagnosis and aHCT, gender, race/ethnicity, disease characteristics, pre-aHCT cumulative therapeutic exposures, conditioning regimens, priming with growth factors and/or chemotherapy for PBSC mobilization and collection, number of PBSC collections, dose of CD34+ cells infused, recovery of WBC counts, vital status, and disease status after aHCT.
Gene Expression Analysis
In the training set, 55 PBSC samples from 18 cases and 37 matched controls were studied. BM samples from time of development of t-MDS/AML were available for 12 cases and 21 matched controls obtained at a comparable time from aHCT. For validation, 36 PBSC samples from a test set consisting of 16 cases and 20 matched controls were studied. All samples had been cryopreserved as mononuclear cells in liquid nitrogen. Frozen cells were thawed and incubated in IMDM supplemented with 20% FBS and DNase I (Sigma) for 3 hr incubation at 37 C. Samples were labeled with anti-CD34-APC and anti-CD45-FITC (BD Biosciences, San Jose, CA) and CD34 + CD45 dim cells selected using flow cytometry (Beckman-Coulter, Miami, FL). Total RNA was extracted using the RNeasy kit (QIAGEN). RNA from 1000 cells was amplified and labeled using GeneChip Two-Cycle Target Labeling and Control Reagents from Affymetrix (Santa Clara, CA). Fifteen micrograms of cRNA each was hybridized to Affymetrix HG U133 plus 2.0 Arrays.
Statistical Analysis
Microarray data were analyzed using R (version 2.9) with genomic analysis packages from Bioconductor (version 2.4). Details of analysis are provided in the supplemental experimental procedures. Following quality control, data for PBSC and BM samples were normalized separately. Probesets with low expression or variability were filtered. Using CLM to retain matching between cases and controls, we analyzed the magnitude of association (expressed as OR) between t-MDS/AML and (1), gene expression levels in PBSC at the pre-aHCT time point; (2), gene expression levels in BM at time of t-MDS/ AML; and (3), change in expression of individual genes from PBSC to development of t-MDS/AML. FDR was applied to adjust for multiple testing. GSEA was performed on ranked lists of genes differentially expressed between cases and controls generated using CLM. Where multiple significant gene sets were related to each other, analysis was performed to identify a subset of common enriched genes. Hierarchical clustering was performed within each of the case and control group. GO and pathway analysis was performed using DAVID 2008 and Ingenuity IPA 7.5, respectively. The association between gene expression in the PBSC product and subsequent development of t-MDS/AML identified in the training set was validated in the test set. Differential expression between cases and controls was analyzed using CLM. GSEA analysis was performed on the ranked list of differentially expressed genes. PAM was used to derive a prognostic gene signature from the training set to classify patients as case or control. Based on the misclassification error in cross-validation, a 38-gene signature was selected for prediction and applied to the test set.
ROS Detection
To detect ROS, PBSC MNCs were incubated with carboxy-H2DCFDA (10 mM) and MitoSOX Red (3 mM) (Invitrogen, Carlsbad, CA) at 37 C for 30 min to detect total ROS and mitochondrial ROS respectively after exposing to etoposide (VP-16, 34 nM), mechlorethamine (NM, 2 mg/ml), or methylene blue with visible light. Cells were then labeled with anti-CD34-PE-Cy7, anti-CD45-APC-Cy7 (Ebioscience, San Diego, CA), and AnnexinV-Cy5 (BD Biosciences) on ice for 30 min, washed, and immediately analyzed by flow cytometry using a LSRII flow cytometer (BD Biosciences).
Antioxidant Gene Expression
For antioxidant gene expression measurement, 10 ng total RNA from FACSsorted PBSC CD34+ cells was used to generate cDNA using SuperScript III First-Strand Synthesis System (Invitrogen). Quantitative RT-PCR for expression of heme oxygenase 1 (hmox1), peroxiredoxin 3 (prdx3), and superoxide dismutase 2 (sod2) was performed on an 7900HT Fast Real-Time PCR System using TaqMan gene expression assays (Applied Biosystems, Foster City, CA).
Results were normalized to endogenous control b2-microglobulin (b2m) expression.
DNA Damage Analysis
DNA damage was evaluated based on g-H2AX level using flow cytometry. PBSC MNCs were treated with irradiation (2Gy), etoposide (VP-16, 34 nM) or mechlorethamine (nitrogen mustard, 2 mg/ml) and g-H2AX levels were detected in CD34+ fractions 4 hr after removal of DNA damage inducers by staining with anti-phospho-Histone H2A.X (Tyr142) (Millipore, Temecula, CA) following the protocol from the manufacturer.
NADH Detection
NADH levels in PBSC CD34+ cells were assessed by endogenous cellular fluorescence measured at an excitation of 350 nm and an emission of 440nm using LSRII flow cytometer. Median fluorescence intensity was normalized to control unlabeled beads (BD Biosciences) for each sample.
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